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Introduction
A mode of performance degradation in some thermoelectric generators is the erosion of material from the thermoelectric elements that comprise the generator.
In pressurized generators using an inert gas to retard sublimation of the thermoelectric material, this erosion results from diffusive mass transport of vapor from the elements due to naturally occurring concentration gradients in the surrounding cover gas. The erosion occurs primarily at the hot end of the elements and diminishes the area of contact between the element and its electrical connection. This report presents an analysis of the effect erosion has on generator performance.
Model Description
Figure 1 depicts a longitudinal section of the configuration chosen for analysis, i. e., one element of a thermoelectric couple, typically a PbTe couple, surrounded by thermal insulation. Referring to this figure, the annular region between the cylindrical PbTe thermoelectric element and the surrounding thermal insulation is gas filled, and as a result of the element residing in the temperature gradient, (T, -T ) /i , concentration gradients of PbTe vapor exists in the annular region, h c / These gradients promote the diffusion of material through the cover gas away from the hot end of the element, z = 0. Steady state equilibrium is supported by material subliming from the element to replace that which diffuses away. Hence, the element erodes.
The configuration of Figure 1 represents well only those generator designs, such as the SNAP-19, which use a molded insulation around the thermoelectric element and have a relatively uniform gas filled annular region. However, the Gas filled annular region -Thermal insulation Figure 1 . Configuration of thermoelectric element and thermal insulation used for analysis general trends revealed by the analysis can apply to more irregular geometries such as might occur on the SNAP-27 where the insulation has been powdered and lightly tamped around the thermoelectric elements, but where diffusion through the cover gas remains the dominant mode of mass transport.
Determining the deviation in total generator performance due to element erosion is accomplished by first developing an expression for predicting the contour of the thermoelectric element after time, t, and secondly by using this information in thermoelectric generator computer design codes to assess the performance of couples with eroded elements relative to their performance with whole elements.
An expression for the profile history of the thermoelectric element depicted in Figure 1 is developed by considering the time rate of change in the radius of the element due to erosion. This is given as dr/dt = -1 /P (1) r where r = radius of the thermoelectric element j = steady state radial component of mass flux at the surface of the elenaent, i. e., mass flux evaluated at r = r . p = density of thermoelectric material Assuming the mass transport due to temperature gradients and bulk motion of the cover gas is negligible, and the total system pressure is spatially constant, the general form of the radial component of mass flux, j , can be expressed as
where C(m, t) = constant depending on the gas species and temperature, -1 -1 gm • cm
• sec p = partial pressure of the vapor of the thermoelectric material, atmospheres. P = total pressure in system, atmospheres A complete development for the constant, C(m, t), can be found in a previous report by the author on this subject.
Neglecting the slight spatial dependence of C(m, t) in Equation (2) The expression for p which satisfies Equation (3) is then used in Equation (2). The boundary conditions best describing the environment of the couple in Figure 1 are:
(1) 9pj/ar = 0 at r = r 
Model Solution
The solution of Equation (3) 
The function, f(z), generally has the form (5) and (6) into Equation (4) Using an expression from Reference (1) to evaluate C(m, t) of Equation (2) for a mixture of Argon gas and PbTe vapor at T = 600 C gives C(m, t) = 0. 0019gm' cm
• sec
This value of C(m, t) and the values of 9p /9r from Figure 2 defines j (for the ^1 above parameters) for various pressures of cover gas. Assume, for the following analysis, that the generated pressure is constant with time. Substituting Equation (2) for r = r into Equation (1) and integrating will give 
Couple Behavioral Analysis
Initial speculation on the effect of erosion on generator performance suggested that for constant heat input, the hot junction temperature would rise due to increase in thermal resistance of each elenaent and the power output would decrease due to increases in electrical resistance. This prediction was essentially correct. This was shown by comparing the temperatures and power outputs of whole couples with eroded couples as calculated by a computer design code, VINCE TOM-MOD. 1. Using this code, the power outputs and hot junction temperatures of eroded couples were determined for constant heat input and cold junction temperature. Figure 4 shows the plots, for selected intervals of time, of a normalized power output for ten couples, i. e., the ratio of power output of the couples to their initial power; and the hot junction temperature. The power output in early life appears to be dictated by the combination of increasing hot junction temperature and electrical resistance. In later life, the behavior is dominated by the rapid increase in electrical resistance of the couples due to the advanced state of erosion. It is interesting that for the particular parameters stated in Figure 4 , this model predicts zero area for the "P" elements at their hot end contacts within approximately 2 years for P = 1 atmosphere. In addition to the analysis in which the generator pressure was held constant in time, an analysis was made which allows for pressure decay as a function of time. This condition would be present in most gas filled generators operating in space. For this case, the generator pressure, P, in Equation (2) was assumed to be of the form -TCt P = P e atnaospheres
where P = initial generator pressure, atmospheres K = constant depending on the leak rate and volume of generator, sec t = time, sec
Substitution of Equation (8) into j of Equation (1) and integrating results in ^1 r -j (P ) (e^* -l)/pK (9) o r o where i (P ) is i evaluated for the initial pressure, P . This derivation r o r o assumes that the slow loss of generator pressure does not perturb the steady state equilibrium of the gas system. Equation (9) can be used in the same fashion as Equation (7) to calculate the radius and hence the cross section area of the thermoelectric elements as a function of time. Figure 4 shows couple performance for this condition as calculated by the aforementioned computer code, VINCE TOM-MOD. 1. Note that for P =2 atmospheres of Argon and K = 1. 0 x lO" sec"\ the resulting deterioration in couple performance occurs earlier for the same configuration parameters, r /i and r_/i, than in the preceding case. For the present case, the occurrence of zero contact area for the "P" element occurred at about 0.8 year as compared to 2 years for the constant pressure case.
Model Limitations
There are several deficiencies in the model that should be mentioned. The above analyses predicted complete erosion of the "P" elements at their hot end contacts. For spring loaded couples this is not realistic since the spring loading will keep the shortened element in contact with the hot shoe for a much longer period. However, this condition was not studied, and due to this uncertainty in couple behavior for severe erosion, only the first portion of the performance histories are plotted in Figure 4 .
No account was taken of the increase in material loss that will occur due to the increases in hot junction temperature. Since the material flux, j , is highly dependent on temperature, this increase, even for small changes, may be significant.
This model, p , assumes in the solution for the partial pressure distribution a constant boundary, r = r., with time. This, of course, is not the case. However, the changes in p and j due to boundary changes is not likely to be of such ^ ^1 significance as to change the conclusions of this analysis.
Conclusions
The preceding study, based on the model described, shows that there can be material loss from thermoelectric elements even in generators using a cover gas.
This erosion of the elements could cause a significant portion of the degradation observed in current thermoelectric generators. It is, however, not of such magnitude to account for all of the degradation.
